ABSTRACT
INTRODUCTION

40
The detection of sound in the mammalian cochlea is mediated via the organ of Corti (OC); a 41 remarkable integration of extracellular matrices, cytoskeletal architecture, and molecular peaking near the apex of the cochlea and high frequencies peaking near the base (2).
50
Miniscule amounts of energy transmitted by the BM vibrations cause shear displacements 51 between the apical surface of the OC and another extracellular matrix, the tectorial membrane 52 (TM), into which the tips of the stereocilia of the outer hair cells (OHCs) are imbedded (3).
53
The resultant modulation of current flow through the OHC serves as a control signal for the 54 cochlear amplifier (4,5), which amplifies and sharpens the BM vibrations at the frequency-55 specific place (6).
56
The TM is a viscoelastic structure (7) that decreases in both width and thickness from cochlea 57 apex to base and has longitudinal anisotropy (8-12) that parallels that of the BM (6).
58
Interaction between BM and TM travelling waves has been hypothesised to control the 59 spatial extent and timing of OHC excitation, which affects both gain and frequency tuning in 60 the cochlea (13) (14) (15) (16) . Timing of the TM and BM travelling waves determines the relative shear 61 motion between the OC and the TM (17,18). Recently, it was found that the mechanical 62 properties of the TM varied with stimulus frequency (19); a property that has yet to be it is not surprizing that the mechanical properties of the TM, which has an intricate, highly 71 organized internal structure, are also frequency dependent.
4
The structural complexity of the mammalian TM (24) has been associated with recent 73 findings that reveal important roles for the TM in the harnessing and distribution of energy 74 and frequency tuning in the mammalian cochlea (14, 15, (25) (26) (27) with artificial endolymph so that the prepared TM was submerged to a depth of at least 4 mm. from the piezo), and, hence, resulted in a low signal-to-noise ratio at high frequencies.
128
Amplitude data were calibrated to control for variable reflectance at each point along the TM 129 using a piezo with known displacement, on which the laser diode was mounted.
130
Calculation of material properties of the TM
131
Shear modulus, '( ), and shear viscosity, ( ) of the TM were calculated using a model 132 of the TM in fluid environment (19). Namely, shear modulus and shear viscosity were 133 calculated from the equation
where is angular frequency, is thickness of the TM (2×10 -5 m), and are the 135 fluid density and the TM density respectively (both are taken to be 10 3 kg m -3 ), is the 136 complex wavenumber and is the boundary layer thickness, which was determined as
where is the coefficient of viscosity (7×10 -4 kg m -1 s -1 ). The complex wavenumber can be 138 calculated from the measured wave speed, , and decay constant, , as
Note that if the viscosity and hence the boundary layer thickness tends to zero, the right hand 140 side of Eq. 1 just reverts to the complex shear modulus, since
where ( ) is the frequency-dependent shear wave speed, which is equal to the square root 142 of the complex shear modulus divided by the TM density, so that
(5)
RESULTS
144
Frequency dependent propagation of longitudinal travelling waves was investigated in 
160
The propagation velocity, , of the travelling waves was calculated at each frequency, , as The decay constant tended to decrease with increasing stimulus frequency in TM segments 177 isolated from the wild-type mice ((19), squares in Fig. 3 ). For all three groups with modified 178 SSM, however, the decay constant increased with increasing frequency over the same 179 stimulus frequency range (Fig. 3 ). An increase in corresponds to a decrease in the space 180 constant ( ), which represents the spatial extent of the wave's propagation (Fig. 3) .
181
The mechanical properties of the TM are affected by structural disruption of SSM
182
The viscoelastic properties, namely the shear storage modulus, '( ), and shear viscosity,
183
( ), were calculated at discrete frequencies from the wave propagation velocity, ( ), and 184 the decay constant, ( ), using Eqs. 1 and 3 (Materials and Methods). These properties had 185 previously been found to be highly dependent on stimulus frequency when measured from The loss tangent tan(δ) = ′′/ ′, where ′′ is the loss modulus ( ′′ is calculated as ′′ =
206
( ) using data for ( ) in Fig. 4 B) , defines the ratio of energy dissipated to energy the TM in the wild-type mice is more efficient at transmitting energy at stimulus frequencies 218 approaching the frequency range of the basal turn of the mouse cochlea.
219
The reciprocal of the loss tangent is proportional to the quality factor, ( ∝ 1/tan(δ) = 220 ′/ ''), which describes the resonant material properties of the TM (Fig. 4 D) . In the 221 segments from all groups with modified TMs (circles, crosses and triangles, Fig. 4 D) , is 222 relatively independent of frequency, while in the TM segments isolated from the wild-type 223 mice (squares, Fig. 4 D) , there is a very clear rise in the value of with increasing frequency.
224
In all three groups with disrupted or missing SSM there is less variation in with frequency 225 across the 2-20 kHz range, than in segments isolated from the wild-type cochleae.
226
DISCUSSION
227
In vitro travelling wave propagation is disrupted in all three mutant groups with 228 compromised striated sheet matrix 229 The velocities of travelling waves measured in segments of TM isolated from the cochleae of same region of the cochleae of wild-type mice (Fig. 2 D) . Reductions in the wave velocity
233
were accompanied by an increase in the decay constant for the majority of the measured 234 frequency range (Fig. 3) and are manifested in travelling waves (Fig. 5) , which have shorter
235
wavelengths with more rapid decay than those from wild-type TMs. We attribute these 236 differences largely to changes in frequency dependent stiffness than to shear viscosity. This is 237 because, at least for the frequencies illustrated in Fig. 5 (> 8 kHz) , the shear viscosity of TMs 238 isolated from wild-type mice and those with genetically modified protein composition are 239 similar (Fig. 4 B) . The only major structural component of the TM, which, as far as we are 240 aware, is altered in common in the genetically modified mice used in this study, is the SSM. 
256
Note that the complex shear modulus calculated here is of the TM alone. When the TM is 257 integrated into the organ of Corti, its dynamics will be influenced by the stiffness of the OHC 258 sterocillia, which will tend to increase the shear wave speed, and the viscosity of the fluid in 259 the sub-tectorial space, which will tend to increase the damping. Assuming the geometry of 260 the sub-tectorial space is similar in the wild-type and genetically modified mice, these effects, 261 however, will be the same in all groups of mice and the differences seen here for the TM 262 alone will also be reflected in the in-situ TM dynamics. charges, which is disrupted in all three mouse mutants used in this study, is the SSM which,
308
because of its composition and structural organisation, is likely to have a dense, highly 309 organised distribution of fixed charges.
310
Because both porosity and fixed charges within the TM determine its mechanical properties 
